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ABSTRACT

The derivation and some implications of a simple true stress cladding
failure criterion are presented in this report. An associated model, BALONZ2, -
which uses the true stress failure criterion to calculate cladding shape at
failure is described, and the results of a sensitivity study to determine
the important parameters affecting cladding shape are included. Recently
proposed licensing standards for LOCA analysis are compared with the BALON2
model predictions and are shown to be inconsistent when the pressure differ-
ential across the cladding varies.



SUMMARY

Al
The main progress represented by this report is the use of local

stress to predict cladding failure. The large scatter inherent in
engineering stress or engineering strain expressions has been eliminated as
have numerous limitations and special correlations for such effects as
heating rate, circumferential temperature gradients, etc., which are
necessary when improper failure criteria are employed. The failure stress
is only a function of temperature and oxygen content once cold work and
irradiation damage are annealed.

Although the fai]uke criterion is simplified by the use of true
sfress, the calculation of cladding shape at failure is made fairly complex
by the interaction of deformation, cladding temperatures and local stress.
BALON2, a model for cladding deformation which deals with these interactions is
developed and demonstrated. The model shows that circumferential |
temperature gradients tend to decrease circumferential strain at failure,
and that slow heating rates cause both large circumferential strains at
failure and small circumferential temperature gradients because they allow
time for removal of circumferential temperature gradients. The rate of
change of the pressure differential across the cladding is shown to have an
effect on the cladding shape. BALON2 model predictions are compared to recently.
proposed liscensing standards for LOCA analysis. Results of this
comparison suggest that the standards may be inadequate because they do not
consider several of the parameters that affect cladding shape.
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INTRODUCTION

A key consideration in assessing the severity of postulated light
water reactor accidents is the post-accident configuration of fuel
cladding. Events which could lead to final configurations that restrict
coolant flow are more hazardous than scenarios which lead to more easily
cooled reactor core geometries. An analysis of data provided by the U.S.
Nuclear Regulatory Commission's research program has provided a simple
failure criterion and a concise computer subcode which have had success in
reducing the uncertainty of predictions of posttest cladding shapes. The
criterion and associated subcode, BALON2, are described in this report. In
addition, the results of a sensitivity study to determine the important
parameters affecting cladding shape and a comparison with detaijled
measurements of cladding shape at burst are presented.

Predictions for cladding shape at rupture have traditionally been
based on correlations of total circumferential elongation (the difference
between circumference and initial circumference divided by the initial
circumference) versus burst temperature. These correlations display major
trends Tike the minimum elongation found in the alpha plus beta region
(1090 to 1255 K burst temperatures) but there is at least a fifty percent
uncertainty associated with this approach. Efforts to improve the
correlations by adding more variables, like heating rate or circumferential
temperature variation at failure, have had very little success.

As experiments improved, it became obvious that a significant part of
the problem with correlations for the circumference of cladding at failure
is the fact that failure is a local event occurring at one part of the
circumference while the circumferential elongation is a global quantity
made up of the sum of local elongations at all locations around the
circumference. The logical approach, then, was to look for a simple local
failure criterion. The success of this effort encouraged development of a
computér code to sum all the local elongations as a function of time to
obtain a total circumferential elongation at the moment of failure. Early
experience with the code has shown it to be successful at explaining much
of the previously confusing scatter in total circumferential elongation
data. '



THE FAILURE CRITERION

Arguments are presented in this section which demonstrate that
Zircaloy cladding failure can be predicted by comparing the tangential

component of true or local stress with a failure stress which is a function

of cladding temperature, irradiation and cold work. Heating rate and

strain rate do not affect this criterjon. The failure stress as a function

of temperature is given by the following expressions,
For cladding temperatures between or equal to 300 and 750 K,

o]

oF = 1.36 KA .

For c]édding temperatures between 750 and 1050 K,a

1.9901087 10°
~ 1.9901087

OsF = 46.861429 KA exp -

For cladding temperatures between or equal to 1050 and 2100 K

(1a)

(1)

(1c)

OeF = 7.7 KA
where
ToF = tangential component of true stress at burst (Pa)
KA = strength coefficient used to describe the plastic
deformation of annealed cladding (Pa). Correlations for
the strength coefficient are given in Appendix A
T = cladding temperature (K).

a. Several significant figqures are used in this express1on in order to

minimize discontinuities at 750 and 1050 K.



For cold worked or irradiated cladding the failure stress is increased by
four tenths of the increase of the strength coefficient due to irradiation

i

and cold work,

Equation (1) is estimated to have a standard error of 0.2 times the
failure stress. The error and the error estimate are discussed later in
this section.

The failure criterion given by Equation (1) is based on data from
tests which reported initial cladding dimensions, temperature at failure,
pressure at failure, wall thickness.at the tailed region and some means of
estimating the axial and azimuthal radii of curvature at the burst region.
In all cases the wall thickness measurements were accurate to no better
than ten percent and the azmimuthal radii of curvature were obtained from
circumference measurements by assuming a circular cladding cross section.
The assumption that the cross section was circular at the moment of burst
may be suspected of introducing soine systematic error in the failure
stress, but cross sections observed close to ruptures (whére the shape has
not been changed by the rupture tear) are circular.

The most useful data have been produced by the Multirod Burst Test
Program sponsored by the U.S. Nuclear Regulatory Commission. All of these
tests used internal heaters and an external steam environment. Heating
rates varied from 0 to 28 K/s. Estimated burst temperatures, burst
pressures and burst strains (average circumferential strain) have been

published for a number of single rod tests.]’2

Also, calibrated
photographs of cross sections through the burst regions of some of the
tests have been pubh‘shed.z'5 These cross sections were used to

determine wall thickness at burst. The axial radius of curvature at burst
6-8 The

Multirod Burst Test Program data from tests for which complete data are

was estimated from side view photographs of the burst tubes.

available are summarized in Table 1.



TABLE 1. SUMMARY OF MULTIROD BURST TEST DATA

Wall Axial
Burst Differential Average Thickness  Radius of
Test Temperature  Pressure at Circumferential  as Burst Curvature
No. (K) Burst (MPa) Strain (m/m) (mm) (cm)
PS-10 11748 6.0002 0.208 0.079¢ 2.1¢
PS-17 10512 12.1302 0.252 0.176¢ 1.2€
PS-18 14443 0.7722 0.244 0.111d 0.99
PS-19 12322 2.5908 0.28a 0.079¢ 0.6C
SR-23 13508 0.9602 0.352 0.1648 1.1h
SR-25 136582 0.9608 0.782 0.077¢ 0.61
SR-34 10390 5.820b 0.3160 0.109b 1.6C
SR-35 10480 4.470P 0.290P 0.073f 3.1¢
SR-37 1033P 13.5600 0.231P 0.263f 3.7¢C
SR-41 10300 9.7650 0.274b 0.1990 2.7¢
SR-43 1046° 7.620° 0.290P 0.179° 3.5€C

a. Reference 1 pages 18 and 19.

b. Reference 2 pages 7 and 31.

c. From photographs sent by R. H. Chapman, ORNL.

d. Reference 3 page 35.

e. Reference
f. Reference
g. Reference
h. Reference

i. Reference

4 pages 120 and 121.
5 page 26.
6 page 19.
7 page 22.

8. page 17.




Data from tests by Hobson and Rittenhouse9 were also employed. The
Hobson-Rittenhouse tests were conducted with a radiant heating furnace and
BWR cladding in an argon environment. Heating rates from 5.6 to 56 K/s
were used, Table 2 is a summary of the data that were used from the tests
by Hobson and Rittenhouse. Burst temperatures, wall thickness
measurements, and the average circumferential strains were obtained from
figures in Reference 9. Burst pressures were obtained by private
communication from R. H. Chapman, and axial radii of curvature were
estimated from cladding samples sent by D. 0. Hobson.

Table 3 is a summary of data obtained from tests by H. M. Chung and

T. F. Kassner‘]O

which were used in the development of Equation 1. The
burst temperature, differential pressure at burst, average circumferential
strain and axial radius of curvature were obtained from Reference 10. The
wall thickness at burst was obtained from photographs of cross sections
obtained from Chung. An important feature of these tests is that the tests
in Table 3 have an internal mandrel which applied an unknown axial stress

to the cladding.

None of the data discussed so far were obtained from irradiated
cladding or at temperatures below 1000 K. The only available low
temperature data witn irradiated cladding were obtained from studies by
A. A. Bauer, L. M. Lowry, W. J. Gallagher, A. J. Markworth and

J. S. Perrin!1s12,13

on spent fuel cladding obtained from the

H. B. Robinson reactor. The data from this project which were used to
develop Equation (1) are presented in Table 4. Tests Mi2-16, M12-4 and
M12-15 were conducted on as-received cladding while tests D9-7, D9-8, D9-13
and D9-14 were conducted on cladding which had been annealed. Wall
thicknesses adjacent to the burst were obtained from unpublished
photographs similar to Figure 7 of Reference 11. The axial radii of

curvature in these tests is unknown.

Two sources of in-reactor data were empioyed. One is the irradiation

effects test IE-5 conducted in the Power Burst Faci1ity.]4’]5 The
measured rod internal gas pressure in this test was reported (page 12 of



TABLE 2. SUMMARY OF DATA FROM THE HOBSON-RITTENHOUSE TESTS

Wall Axial
Burst Differential Average Thickness  Radius of
Test  Temperature Pressure at Circumferential at Burst Curvature
No. (k) Burst (MPa) Strain {(m/m) {(mm) (cm)
35 1061 6.170 0.63 0.25 2.9
34 1081 7.584 0.58 0.23 1.8
40 1111 4.654 0.79 0.18 1.8
18 1145 4.826 1.25 0.18 3.0
18 1158 4.205 0.57 0.20 2.5
19 1160 4,895 0.51 0.23 1.8
21 171 3.102 0.30 0.18 1.7
8 1179 3.826 0.22 0.20 1.3
16 1195 3.999 0.42 0.25 1.7
5 1196 3.757 0.44 0.20 1.0
26a 1205 3.068 0.27 0.28 1.8
27 1213 2.241 0.55 0.15 1.1
15 1214 2.275 0.41 0.18 1.1
37 1215 2.344 0.40 0.18 1.4
26 1220 3.033 0.53 0.13 1.5
9 1235 1.448 0.43 0.20 2.7
28 1253 1.413 0.85 0.18 2.8
11 1299 1.434 0.68 0.25 1.5
32 1302 0.745 0.93 0.25 2.1
29 1432 0.676 0.92 0.23 2.5
36 1440 0.827 0.50 0.23 1.5
4 1472 0.689 1.11 0.20 2.5
36a 1487 0.662 . 0.74 0.25 1.5




TABLE 3. SUMMARY OF DATA FROM THE CHUNG-KASSNER TESTS

Wall Axial

Burst Differential Average Thickness  Radius of

Test Temperature  Pressure at Circumferential  at Burst Curvature
No. (K) Burst (MPa) Strain (m/m) (mm) (cm)
AS-40 1089 5.302 1.01 0.39 2.9
AS-36 1310 0.558 1.11 0.26 2.9
AS-9 1329 1.282 1.24 0.12 3.2
AS-5 1348 1.334 1.02 0.42 1.6




TABLE 4. SUMMARY OF DATA FROM THE BAUER ET AL. TESTS

Test
No.

M12-16

M12-4
M12-15
D9-7
09-8
D9-13
D9-14

Burst
Temperature

(K)

a

477
644
644
644
644
644
644

Burst a
Strength

(MPa)

749.4
659.1
684.6
356.4
350.9
372.3
367.5

a. From Reference 12, pages 3 and 7.

Average
Circumferential
Strain  (m/m)

0.026
0.052
0.028
0.212
0.204
0.225
0.292

Wall

Thicknes
at Burst

(mm)

Pl S oA e N &
0—- OO0 — O~

Q.
0.
0.
0.
0.
0.
0.

b. From photographs sent by A. A. Bauer and L. W. Lowry of Battelle
Columbus Laboratories.
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Reference 15) to be 5.2 MPa in excess of the coolant pressure and the
cladding temperature was estimated from microstructure studies to be near
1100 K. The average circumferential elongation (engiheering strain) was
reported to be 0.25 (page 16 of Reference 15). The wall thickness at burst
was estimated to be 0.09 mm using Figure 5 of the post-irradiation

‘examination results report]5

and the axial radius of curvature was
estimated to be approximately four times the rod diameter from the

photograph on page 91 of Reference 15.

The second source of in-reactor data is a series of tests in the FR2
reactor in Geur'many.]6 Complete data from three tests were presented
(A2.3, 81.2 and B1.3) but two of the cladding cross sections had burst
adges rolled in--evidence of contact with the>shroud. For that reason,
only data from test B1.2 were used. The average circumferentail
elongation, axial radius of curvature, burst pressure, burst temperature
and wall thickness at burst (0.249, 1.5 cm, 4.52 MPa, 1188 X and 0.16 mm,
respectively) were taken from Reference 16. The coolant pressure was

assumed to be the typical value of 0.3 MPa given on page 2 of the reference.

One out-of-pile test result from Germany]7 was used in deve]oping
the failure criterion. The test was performed in air (0.1 MPa pressure)
with an internal heater. The burst temperature, internal gas pressure at
burst, average circumferential elongation and wall thickness at burst
(1114 K, 7.1 MPa, 0.37 mm, and 0.215 mm, respectively) were taken from
Figure 13 of Reference 17. The axial radius of curvature was estimated to
be approximately three times the cladding radius at burst by inspection of
X-ray photographs of similar tests just prior to burst.

The development of Equation (1) was preceded by attempts to use
average circumferential elongation, engineering hoop stress and wall
thinning versus burst temperature as failure criteria, but these criteria
all exhibited unacceptable scatter when the data base just discussed was
used to test them. Local stress versus burst temperature not only showed
less scatter, but those data that exhibited scatter could be explained by a
careful examination of experiment details.



t.ocal stresses at failure were estimated from the data just presented

and the equilibrium equation for a membrane element at the time of
13

failure

P = difference between gas pressure and coolant pressure at
failure (Pa)

9sc = axial stress at failure (Pa)

Oor = tangential stress at failure (Pa)

r, = axial radius of curvature at failure (m)

"y = circumferential radius of curvature at failure (m)
te = cladding thickness at burst (m).

Two approximations are needed to deduce an estimate of 9g from

Equation (2) and the data. The first approximation is that the cross
section perpendicular to the cladding axis is approximately circular, or

: , Circumference at burst
To = undeformed radius undeformed circumference °* (3?

This approximation is necessary because the shape at the moment the burst
tear begins is unknown,

10



The second approximation is needed to estimate the axial stress,
o7F The maximum axial stress is limited by a physical consideration.
It must have been less than o . for failure to occur along an axial
7 o? the first term of
Equation (2) is small as long as o5 is less than Oop SO 3 crude
approximation is acceptable., The maximum value of o7¢ (°eF) is

6F

Tine. Since r, is typically several times r

therefore used to estimate the contribution of the first term. This

approximation tends to underpredict o, . while the assumption of

oF

Equation (3) tends to overpredict o, . because Equation (3) ignores

oF
the reduction of Ty due to Tocal bulges in the plane perpendicular to

the cladding axis.

The expression for tangential stress at failure obtained from
Equation (2) with the two approximations just discussed is

Figure 1 is a plot of the local tangential failure stress obtained
from Equation (4) and the data. Approximate heating rates during burst are
indicated to show that there is no systematic variation with heating rate.
Comparison of the burst stresses obtained from Hobson's tests with both
Chapman's tests and the two in-reactor data show there is no significant
effect of oxide films or alpha layers on the burst stress, at least at the
heating rates used in these tests. The most probable interpretation of
this observation is the suggestion that the relatively thin oxide and alpha
Tayers are cracked before the burst stress of the underlying beta layers is
achieved.

Most of the burst stresses shown in Figure 1 form a locus which looks
very similar to a plot of the strength coefficient for plastic deformation
of zirca]oy.a The exceptions are not scattered randomly. They all lie

a. The strength coefficient is discussed in Appendix A.

11
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Figure 1. Local tangential stress at failure versus temperature
assuming a circular cross section at failure.
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above the main coliection of points. Closer inspection indicates that the
tests which yielded unusually high tangential burst stresses had features
which caused the assumptions used in calculating tangential burst stress to
be questionab]e.' These features are discussed, on a test by test basis, in
the next several paragraphs. The exceptional data are individually labeled
in Figure 1.

For rod IE-19 of the PBF Test IE-5 the maximum temperature of the
cladding burst region was determined by metallography to be approximately
1100 K. Postirradiation examination r'esu1ts]5 show the maximum
temperature of the fracture area was less than the maximum cladding
temperature at other azimuthal locations in the axial plane of the
fracture. The interpretation given to this information in the
postirradiation examination results report is that 1100 K was also the
burst temperature because no increase could have occurred on the protruding
fracture tips after the rod burst. This conclusion may be slightly
overstated. The test results report (see Figure 13 of Reference 19) shows
that the adjacent 45 degree thermocouple which also protruded experienced a
50 K temperature rise after the initial temperature increase. Therefore a
more realistic estimate of the burst temperature of the cladding in
rod IE-19 is 1000 to 1050 K.

Test PS-10 from Chapman's studies was performed with a heater which

20 1,

has an unusually large circumferential variation in temperature.
this case very local ballooning is likely, and Equation (4) is probably a
poor approximation for the circumferential radius of curvature near the
time of burst. Because of the questionable validity of Egquation (4) for
this test and because of the large difference between the calculated burst
Stress of this test and several other data obtained at similar burst

temperatures, this test was omitted from the failure analysis.
Test 18 from the Hobson-Rittenhouse series burst at a thermocouple

temperature of 1145 K, yet had an average circumferential strain
Characteristic of temperatures in the alpha phase. Moreover, the axial

13



profile of this test is almost triangular (see Figure 4 of Reference 9).

In all probability the axial radius of curvature given in Table 2
(estimated from the bottom half of the sample) is much too large. The test
was therefore eliminated from the data base.

Test 26 from the Hobson-Rittenhouse series is the only samplie in the
entire test series which did not exhibit approximate mirror symmetry of
wall thickness about a plane through the burst area and the cladding
centerline. In this test, one half of the cross section is essentially
undeformed and one half is uniformly thin, Thus, both the axial and
circumferential radii of curvature estimated for this test are »
guestionable. Therefore the test was removed from the data base.

Tests AS-9 and AS-5 by Chung are the most difficult of all the data
shown in Figure 1 to understand. It is probable that the constraining
mandrel used in these tests caused a large axial stress which perturbed the
test. Moreover, test AS-36 which differed only in heating rate from AS-5
and AS-9 does not differ from the Hobson or Chapman tests which burst at
similar temperatures. Tests AS-5 and AS-9 were removed from the data base
solely because they differ markedly from the two tests by Chapman which
were conducted in steam with an internal heater--two features which are
beljeved to make Chapman's test more representative of in-reactor cladding
failure.

The remaining data shown in Figure 1 were used to find the tangential
burst stress at failure above 1000 K. The failure stress derived from the
data was divided by the strength coefficient obtained from the correlation
given in Appendix A and the quotients were averaged. For the alpha phase
data with burst temperatures above 1000 K, the average quotient is
7.43 = 0.91; for the alpha plus beta region, it is 7.54 + 1,03; and for
the beta phase, it is 8.14 = 1.84. Since there is no significant
variation of the quotient, the average obtained for the entire temperature
range above 1000 K, 7.70 + 1.29, was used in Equation (1),

1



The estimated uncertainty of #0.2 times the predicted failure stress
is slightly larger than the fractional standard error? of the preliminary
fit (#0.17) because of the additional error associated with possible
variations in shape. The additional factor of 0.03 is the author's
intuitive judgement.

Equations (3) and (4)b were also used with the Tow temperature data
of Table 4 to estimate low temperature failure stresses. In this case the
ratios of failure stress to strength coefficient obtained were much smaller
than those of the high temperéture data. A ratio of 0.84 £ 0.03 was
found for the annealed cladding and 0.80 * 0.06 was found for the
irradiated cladding. These ratios were not used for the failure stress
correlation because the axial radii of curvature needed to accurately
calculate the failure stresses were not known (infinity was assumed).
Instead, the measured failure strains were used with the equation of state
for zircaloy plastic deformation (Appendix A), an assumed strain rate
sensitivity exponent of zero, and typical anisotropy coefficients® to
calculate failure stresses consistent with the equation of state and the
measured strain, This approximation is more reasonable than estimating
axial radii of curvature at low temperature because (a) the unknown strain
rate at failure is unimportant at low temperature and (b) the stress-strain
curve at low temperature is very flat so that small uncertainties in stress
are equivalent to large uncertainties in strain. The factor of 1.36 for

a. Tne standard error of the preliminary fit was estimated with the expres-
. oF 2 0.5
sion E 7.7 Strength coefficient - 1}17/(number of measurements - 1) .

b. The axial radius of curvature was assumed to be three times the
circumferential radii of annealed cladding and infinite for the irradiated
cladding.

c. The irradiated cladding was assumed to be isotropic when effective
stress and strains were calculated but the annealed cladding was assumed to
have typical anisotropy coefficients,



annealed cladding and an increase of burst strength equal to four tenths of
the increase in the strength coefficient due to cold work or irradiation in
Equation (la) reproduce the failure strains listed in Table 4.

Fquation (1b) is simply an assumption contrived to extrapolate between the
two regions where data are available without producing unreasonable
predictions for failure strain in the temperature range where it is used.

/



A MODEL FOR CALCULATING CLADDING SHAPE

Equation (1) is sufficient to provide a complete description of both
the time of cladding failure and the shape of failed cladding if they are
used with an equation of state for zircaloy plastic deformation and a model
wihich determines cladding shape as a function of temperature and pressure
histories. A suitable equation of state is available as part of the MATPRO
materials properties package and is discussed briefly in Appendix A. More
detailed descriptions are available in Reference 21. This section
describes a large deformation model, BALONZ, which determines cladding
shape at failure using the MATPRO equation of state and the failure
criterion given by Equation (1). The model has been programmed as a
FORTRAN IV computer code. Input/output information and a 1isting of the
BALONZ code are provided in Appendix B.

Time step increments are used to model the deformation of cladding.
Figure 2 illustrates the sequence of the calculations. First, local
stresses are calculated using given pressures, temperatures, midwall radii
and wall thicknesses. Then, the given time step size is checked to see if
it is short enough to prevent significant change in the local stresses
during the time step. If the given step is too long, it is divided into
several snhorter steps. For some options, cladding temperatures. are
recalculated to account for effects of the deformation during the previous
time step on cladding temperature. The effects of annealing are also
considered for these options.

Next, requested start-of-step information is printed and all nodes are
checked for failure. If failure has occurred, final shape information is
printed and the calculation is complete. '

If cladding failure has not occurred, the description of the cladding
texture (anisotropy constants) is updated and the effective strain prior to
deformation is calculated. This initial effective strain is used to
calculate strain component increments, and the increments are used to
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calculate new dimensions at the end of the time step under the assumption
that local stress and temperatures are constant during the time step.
Requested end-of-step information is printed and a check is made to see if
deformation for all of the given time step has been calculated. If it has,
control is returned tobthe driving program and the next time step is
considered., If it has not, the remaining part of the given time step is
input and the process beginning with the calculation of local stress is
repeated. The following sections describe details of the calculations
mentioned in Figure 2.

Calculation of Local Stress in the Cladding

The internal rod gas pressure, the external coolant pressure, cladding
shape, forces from the fuel pellets and forces from the spacer grids all
contribute to local cladding stresses. It is assumed in this model that
the cladding experiences only an axial constraint force from the grids or
fuel stack. The constraint force is an input parameter.

The effect of pressure and shape changes is discussed in more detail
below. First, a thin-wall approximation is used to find the principal
stress components in a right circular cylinder. The thin wall
approximation is based on the expressions for tangential and radial stress

22

in a thick walled cylinder. The expressions used for the thick walled

cylinder are

G = (5)
66 _ CZ
2,2 2,2
p C2 _c b +p cb . b2
i 2 0 2
r r
Or = 7 7 (6)
b™ - ¢



where

Seo = tangential component of stress

T pp = radial component of stress

PO = pressure of fluid outside the cylinder
P1 = pressure of fluid inside the cylinder
c = inner radius of the cylinder

b = outer radius of the cylinder.

The thin-wall expression used for the radial stress is obtained by replacing

L by its average value across the wall of the cylinder,

r2
b
1 1 1
-——-b_cf-’?dl"-Eb-. (7)
r
C .
Thus,
Pb+ P, c
- 0 i . 8
‘e T "B FcC (8)

In order to derive a thin wall expression for a0 that is

compatable with the perturbation theory to be introduced shortly for a
noncylindrical shape, the variables



and

2 | - - (0)

are substituted into Equation (5) and the resultant equation is expressed
in powers of wall thickness, h

cyl’
2 a a3
Pi a1t + = - cyl atl +-—§ --—? + higher powers of h y1$
%9 2ahg,
5 2 2 a3
_Po ga 1 + 2 + hcy] all + ¥ - :§ + higher powers of hcy]%
2 a hcy]

(1)

The quantity-lg in Equation (11) is again replaced by its average value over
the wall of the cylinder [see Equation (7)] to obtain

P. + P
a i 0
°ee“(P1'Po)WC—yT"—2— (12)
hc 1 °
to order —EX— . The second term is frequently dropped but is kept in

this case in order to have zero effective stress? for isotropic cladding
with Pi = PO.

The expression used for the axial stress, I is the net axial
force for a closed cylindrical tube divided by the cross sectional area of
cladding: '

a. The effective stress is given by Equation (25).
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axial component of stress

Q
i

-n
1}

additional axial force applied by any constraints.

When the snape of the cladding departs from a right circular cylinder,
the stresses change significantly. A perturbation theory deve}oped by
Kramer and Deitrich23 is used to approximate the effect of shape on
stress. The derivation of the expression for the effect of shape change on
stress is summarized in Appendix C. It is shown that to first order in g

the o, and o, . components do not change while the o,,. component changes by

z rr 68
1 wps 2P0 , P 26 , S22 a s (14)
CTLEN DA Nyl 32 A2 P
Y cyl Y o e}
where
06] = change in'oee due to departure of the cladding shape
] from a right circular cylinder
oP = Pi - PO
$ = local perturbation of the cladding midwall radius
(radius - average radius)
h6 = local perturbation of the cladding wall thickness (wall

thickness - average wall thickness)

a = average radius

n
[



8, 2
o’ "o _
= coordinates that material particle occupied before deformation

A = exponent of the average true axial strain component of the
cylinder, exp(ez).

The four terms of the right hand side of Equation (14) can be given
sound physical interpretations. The first two terms represent the effect
of local changes in radius and wall thickness, while the second two terms
are the contributions due to local changes in the radii of curvature.

Figure 3 is a schematic illustration of the effect of the fourth term
of Equation (14) on a ballooned section of cladding. In the center region
the hoop stress is reduced because

2 _ 2
whiqh is equal to

[-%]
O
Q
-

o N
o N

3z

is negative. The curvature of the cladding allows 9, to exert a force

on the pulged section which pulls with the force exerted by Py

against the internal pressure, Pi‘ At the ends of the bulged region

@
O

|

(@ )V

is positive. In this region o, exerts a force which pulls with the
internal pressure against the restraining force exerted by g A

larger o is thus required to hold the internal pressure at the

8o
ends of the ballooned regions. The fourth term of Equation (14) is thus

the term which describes the axial propagation of ballooned regions.
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Figure 4 is a schematic illustration of the effect of the third term

of Equation (15) on a ballooned section of cladding. In the bulged section,

2

28 which is equal to ar
2 2

36 30
0 0

is negative., Thé small local radius of curvature allows the force exerted
by P to act at a relatively acute angle to Pi and thus counter

the force exerted by Pi with a smaller Gge+ AL the ends of the

local bulge,

2 2
3 9 is positive 88, 0 for a circle].

2
G
®

a6

@RV

In this region, o . acts more nearly at right angles to Pis and a

large %qq is required to have a sufficiently large force to oppose

the normal force exerted by Pi' The third term of Equation (14) is thus
the term which tends to propagate local bulges around the circumference to

form a circular cross section.

Since all four terms of Equation (14) act simultaneously, determining
which term will dominate for a given deformation is difficult. The problem
is complicated further by the interactions between heat sources, heat
sinks, cladding shape, cladding temperatures and cladding strength.

Check for Sufficiently Small Time Step Size

Once the local stress is known, it is possible to test the given time
step to see if it is sufficiently small to prevent significant change in
the local stress during the time step. The test begins with a comparison
of the téngentia] stress at each node with the cladding strength

coefficient times the strain raised to the strain hardening exponent, If

~nd
(83 ]
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the tangential stress is less than this product, the given time step size
is adopted. For tangential stresses greater than the product, the maximum
allowed time step interval is determined with the relation

h m
eeeK
ot = (22 ) 10 (15)
8o
where
at = maximum allowed time step interval
K = cladding strength coefficient
m = cladding strain rate sensitivity exponent
n = cladding strain hardening exponent
3 = tangential component of strain at start of step.

L)

Equation (15) results from a Taylor series approximation used with the
MATPRO equation of state for zircaloy plastic deformation and the
requirement that the strain increment be limited to no more than 0.01. The
form of the equation of state used is

effective strain at the end of the time interval

(A"
~d



effective strain at the start of the time interval

[¢]
#

effective stress during the time interval

and the other variables have been defined previously. Using the Taylor

series approximation for a small time interval, Equation (16) can be
rewritten as

efzsi ]+—_(_ﬁ—+—lﬁ)-+”“ . (]7)

Solution of Equation (17) for at yields

]
3/ hk\m
At =~ 10 <e1. -5> (e - €5) - (18)

Substitution of €p - gy = 0.01 and approximation of the effective

stress and strain with the tangential components converts Equation (18) to
Equation (15), the expression used for calculating the maximum allowed time
interval, At.a If the given time step is greater than at, it is

replaced by at and the given time step less at is resubmitted as a
subsequent given time step when the calculation with at is complete.

a. For temperatures in the alpha and beta phase region, the At given by
Equation (15) is increased by a factor of five because experience showed
too many time steps were being used without this adjustment.
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Update of Cladding Temperatures
%
After the time step size is determined, the cladding temperature can
be calculated. There are several options that can be used to calculate the
cladding temperature:

1. Assume constant fuel surface heat flux
2. Assume constant fuel surface temperature
3. Interpolate cladding temperatures from tables of measured values

4. Assume cladding temperatures are constant for the length of the
given time step [which can be much Tonger than the time step
determined with Equation (18)].

In the FORTRAN listing of BALONZ2 in Appendix B, the input MODE variable is
used to select one of these options. A value of O for MODE causes a
constant fuel surface heat flux assumption to be used while MODE = 1 causes
use of a constant fuel surface temperature assumption. If MODE = 2,
temperatures and pressures are interpolated from tables of data that are
read in at the start of a problem. If MODE = 3, the input temperatures are
used for the duration of the input time step. The MODE = O and MODE = 1

- options will be discussed in hore detail in the remainder of this sectfon.

The equation used to calculate cladding surface temperatures for the
constant fuel_surface heat flux assumption (MODE = Q) is

h at q rf + hsrcl T h at
C h
**p

S S
T =T_  exp — |+ 1 - exp
o < pCpn hsrc]
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where

TC = cladding temperature after time interval at

TCO = cladding temperaturevat the start of the time interva]
hS = cladding surface heat transfer coefficient

P = cladding density

Cp = cladding specific heat capacity

n = cladding wall thickness

& = fuel surface heat flux |

re = fuel surface radius

el = cladding midwall thickness

T = steam temperature,

Equation (19) is derived by equating the rate-of heat loss from the
fuel surface to the rate energy is retained in the cladding plus the rate
of neat loss from the cladding surface to steam:

. dTC :
g re= cp oh I + hS (TC - Ts) rel - | - (20)

Solution of this equation for the time-dependent cladding temperature with
all other quantities assumed constant yields Equation (19). Radiative heat
transfer from fuel to cladding or cladding to shroud is not considered in
this formulation.
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The eguation used to calculate cladding surface temperatures for the

constant fuel surface temperature assumption (MODE = 1) is

C_ ph :
- p 2 2
TC = hg Tf + hsTs * = TC0 + efc <Tf + TCO><Tf + Tco> Tf

2 2 » Cp°h
+ego TCO + Tsh TCO + TSh Tsh //// hg + hS + AT (21)

Tsh B

This equation

gas gap heat transfer coefficient
fuel or heater element surface temperature

effective emissivity of the combined fuel and cladding

inner surfaces

Stefan's constant

5.67%1078 w/mé + k4

¢ K

effective emissivity of the combined cladding outer and

shroud inner surfaces -

shroud surface temperature.

is derived with an energy balance like Equation (20) but with

the different assumption that fuel surface temperature rather than fuel

heat flux is approximately constant during the given time step [note that

the given time step size may have been reduced considerably due to the
limit set by Equation (15) to arrive at at, the time step size used in
Equations (19) and (21)].
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Equation (21) is derived by equating the rate at which heat is
supplied to the cladding by convection and radiation to the rate that
energy is retained in the cladding plus the rates of heat loss to
surrounding steam by convection and a shroud by radiative heat exchange:

4 4) <TC ) TCo)
hg(Te = Te) + ego (T - 1Y) = Cob

| 4 4 |
F g (T, = T) + e (TC - Ten ) . (22)

Next, the approximations

4 4 2 2
LA PAETC PO ) (Tf + TCO) (Tf e ) (23)
and

4 4 2 2
Te = Tsn Q’(Tc ) Tsh) (Tco * Tsh)( TcO * Tsn ) - (24)

are employed to convert Equation (24) to a linear egquation. The resultant
expression is solved for Tc‘

Equations (19) and (21) have both been included because they bracket
the usual behavior of a ballooned fuel rod where the heat flux decreases
and fuel surface temperature increases as the gas gap resistance increases.

Calculation of Strain Component Increments

With stress, an acceptable time step size, and cladding temperature
known, calculation of strain component increments is possible. The
effective stress which is needed for the equation of state for zircaloy
_p]astic deformation is calculated with the equation
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of —

)2 2

og = [A]S (cee -0, A2S (oz - Orr)

2
z *A3S (o - °ee)]

where

o4 = effective stress

A1S, A2S, A3S

coefficients of anisotropy (provided by the MATPRO
model CANISO). |
The effective strain at the end of a time step interval is obtained
with the integral form of the equation of state for plastic deformation
used in the MATPRO package,a Equation (16). Finally strain component
increments during the time step are obtained from the Prandtl-Reuss flow

ru]e]8:
_ de o
dsee —‘;; [oee (AlE + A3E) - azzAlE - °rrA3E] (26)
. _ de | '
de,, = E; [-ceeA1E *o,, (A2E + AlE) f'crrAZE] (27)
. de
de . = o [-o,, ASE - o, A2E + o (A3E + A2E)] , (28)
where
deee’ = true strain increments in the 8, z and r
dszz’ directions, respectively.
de
rr

a. This form of the equation of state is used by the CSTRNI model.
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de = €. - €,

AlE, A2E, A3E

coefficients of anisotropy (provided by the MATPRO
model CANISO in the FORTRAN program of Appendix 8).

Estimation of Cladding Dimensions at the End of the Time Step

Equations (26) to (28) are sufficient to calculate cladding
circumference, wall thickness and length change but not the cladding
midwall radii. Figure 5 illustrates one of the two additional global
considerations required to find the radii--the effect of the relative
deformations of all parts of the cladding circumference. The top cross
section in Figure 5 represents the deformation of the most rapidly
deforming segment of the cladding circumference as it probably happens.
There is some tangential component to the displacement and the stiffer,
less rapidly deforming segments merely move outword with minimal increase
in circumference. The middle cross section of the figure illustrates a
pure radial displacement which would be expected by symmetry if all
segments were equally stiff. The radial displacement is frequently assumed

for simp]icity]8’23

and was tried during the development of this model.
The assumption was found to be invalid and abandoned in favor of the
approximation shown at the bottom of the figure, namely that the tangential
component of the cladding displacement is sufficient to maintain a nearly
circular cross section. The key observations in favor of the circular
cross section assumption are (a) the third term of the local stress
expression, Equation (14), causes cross sections to tend to be circular
(see Figure 4) and (b) the circular cross section assumption is more
consistent with the circular cross section assumption made during the
derivation of the failure stress. Calculations using the radial
displacement assumption did not match data unless the failure stress was
reduced by a factor of 0.6. This was not believed to be realistic.
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Figure 5. Effect of relative deformation of all
segments of the cladding circumference.
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The second global consideration required before one can predict the
midwall radii of the deforming cladding is the effect of bending due to
different changes in cladding length as the ballooning proceeds. The
expression used for bending at the K-th axial node through the J and %ﬁ - th

circumferential nodes is

[ ZBEND?

d% ) 8 L {exp [see(K,J)] + exp {Eee <K,J +‘g£>]}

p-

de,; (K’J * %Q) - de,,(K,d) - [ezz (K’J * %£> f ezz(K’J):;

L

[ NJ
+ + oo
Gego(Ksd) + de (K,0 + 5 ) 20)
2
L
where
dX = decrease in the midwall radius of the surface element at
the K-th axial and J-th circumferential node caused by the
incremental strains dezz and dsee
IBEND = average length contributing to the bending
s = radius of the undeformed cladding.

The derivation of this equation is given in Appendix D.

An fmportant Timitation of the bending model is the assumption that
length changes at each node around the circumference are independent of
local stresses caused by length changes at neighboring nodes. The
assumption causes the calculation of unrealistically large variations of
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bending displacements from node to node around the cladding circumference.
Experience with the model has shown that this undesireable feature is
avoided by averaging the midwall radius of each circumferential node with
its two neighbors when the bending model is used.

Because of the highly simplified nature of the bending model that
results in Equation (29), the model is used only up to the time the

deforming cladding contacts the fuel (typically ~1% circumferential
elongation). The model thus serves to estimate the most important effect
of bending, the local heating due to fuel-cladding contact, but is not used
for large strains where the approximations made in the derivation of

Equation (29) do not justify use of the model.

Figure 6 illustrates the way that the circular cross section and
bending models are combined to determine cladding midwall radii prior to
cladding heater contact. The smaller circle represents the fuel and the
larger circle represents the deformed cladding. After the radius of each
node is increased by a factor equal to the exponent of the tangential
strain increment for the node, the bending is calculated with ‘

Equation (29). The minimum radius, CM, at each axial position is then
identified., The displacement distance, DC, is the average radius of the
cladding (circumference calculated from €66 values divided by 2n)

minus CM. Once DR, the average radius, and DC are known the midwall radius

at an angle o to the minimum radius is given by

o\ 1/2 -
2 2 2) - cos 8 DC . (30)

(R = (BR - sin“ DC

The expression is derived by using the Pythagorean theorem on a right

triangle whose hypotenuse is the line DR and one leg of which is the
constructed line CR sin 8.
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Figure 6,

Use of circular cross section and bending
models to determine cladding midwall radii.
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Once contact between the fuel and cladding has occurred at some
orientation, the bending model is inactive. The cladding and fuel are
assumed to remain tangent at their initial point of contact.

With midwall radii calculated for each node, the remainder of the

cladding shape information can be calculated using the definition and
values of axial and radial strain.

h = ho exp (e

)

rr

o = AZO exp (ezz)

where
hy = initial cladding thickness
a7 = length of a given axial node
VA = initial length of the given axial node.
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PARAMETRIC STUDIES AND COMPARISON WITH DATA

This section presents several illustrations of the use of the BALON2
model to understand how various parameters contribute to cladding shape at
failure. The main conclusion is that the parameters traditionally used to
describe cladding shape interact. That is, burst temperature, heating
rates, pressure history, circumferential temperature variations and axial
temperature variations affect cladding shape at failure and each of these
parameters can affect the others. A second conclusion is that the
relatively simple concept of failure caused by true stress exceeding a
failure stress (which is primarily a function of temperature) is the most
useful guide to understanding cladding shape at failure.

Figure 7 shows the model-predicted effect of variations in the linear
heating rate of an internal heater. For the nine analyses shown, a
canstant pressure difference of 14.5 MPa was assumed. (The figure could
Took quite different with a different pressure difference.) The heater was
assumed to have a 1% axial and a 1% circumferential hot spot. The large
number shown next to each analysis is the cladding burst temperature and
the small number is the circumferential temperature variation at failure.

As shown 1in Figure 7, the total circumferential elongation decreases
significantly with increasing heating rate. However, the decrease may not
be directly due to the heating rate because the increasing heating rate
causes increased burst temperature and circumferential temperature
variation which also contribute to reduced elongation. The increased burst
temperature lowers tne failure stress so that less deformation is required
to reacn the failure stress. The circumferential temperature variation
tends to localize the strain at one part of the circumference.

The effect of heating rate is more c]ear]y'understood when attempts at
correlating elongation with heating rate are abandoned in favor of plots of

the true and failure stresses at the hot node versus time. Figures 8 and 9
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Figure 8. Hot node true and failure stresses for a heater heating rate of 4 K/s.
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show these stresses for analyses using 4 K/s and 40 K/s heating rates,
respectively. The two figUres use equal stress and time scales but begin
at much different times.’

For the 4 K/s heating rate shown in Figure 8, the failure stress is
nearly constant and the true stress increases over a period of several
seconds to intersect the failure stress. Burst occurs in the mid 900 K
temperature range where the failure stress is high because the’'cladding
temperature remains in that range for the several seconds required for

deformation to increase the local stress to the failure stress.

With the 40 K/s heating rate shown in Figure 9, the failure stress has
a significant negative slope because of the rapid heating rate.?
Deformation begins in the 900 K temperature range but is not sufficiently
rapid to raise the local stress to the failure stress until a temperature
near 1040 K is attained. AL that temperature, the failure stress is
significantly reduced so less deformation is required to raise the local
stress to failure,

Close inspection of Figures 8 and 9 reveals a secondary effect of the
heating rate. For equal temperatures the failure stress in Figure 9 is
higher than that of Figure 8 and the deformation (rate of true stress
increase) is Tower in Figure 9 than that of Figure 8. Both differences are
caused by the presence of some residual cold work strength in the cladding
with the rapid heating rate.

a. The nonlinear portion of the failure stress curve near 10 seconds is
caused by the nonlinear increase in cladding temperature as deformation
begins and the cladding bends into the heater at the hot node. This
decrease was not visable in Figure 8 because it occurred prior to

85 seconds.
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If a rapid heatup rate can reduce the failure stress and thus require
less deformation for failure, it is logical to expect a rapid internal gas
pressurization rate (or a rapid decrease in external pressure) to increase
lTocal stress to failure with relatively little deformation. This effect is
interesting because it has been ignored in most analyses of cladding burst
snape and because the small gas volume near the expanding region of a full
length fuel rod could lead to large deformations by causing lowered
internal gas pressure as the rod deforms. The decreasing internal pressure
would require more extensive deformation than a constant pressure test to
increase the local stress to the failure stress. ' ’

Calculations for the effect of varying pressurization rates are shown
in Figure 10. In the six analyses shown, temperature was increased at
100 K/s from 600 K to 1073 K and stopped while internal pressure was ramped
at the rate shown in the figure. The decrease in circumferential
elongation from 0.9 to 0.4 as the pressurization rate is increased from
0.1 MPa/s to 2 MPa/s shows that cladding shape is sensitive to pressure
history.

Figure 11 shows the same trend using data reported by Busby and

Marsh.24

In four tests® with temperature held constant at 922 K and
pressure increased at 0.09, 0.17 and 0.81 MPa/s, the calculated trend is

confirmed,

Another important parameter for determining the cladding shape is the
circumferential temperature variation, If the cladding has a hot spot, the
deformation will be localized at the hot spot and the total circumferential

2 and

elongation will be small. Figure 12 shows data from Chapman
Wiehrzs

heater heating rates of 4 K/s and 30 K/s. A1l of the bursts occurred in

as well as lines representing a number of model calculations for

a. Samples 8, 9, 24, and 23.
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Figure 10. .Model calculations for the effect of varying pressurization rates.
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the high temperature alpha pnase.a The data show considerable scatter
because varying internal pressures and heating rates were used, but the
trend of decreasing circumferential elongation with increasing

circumferential temperature variation at burst is observable.

The calculations are from analyses with a constant pressure difference
of 14.5 MPa and 1% axial and circumferential temperature variation (10 K)
of the heater temperature. The calculated results not only agree with the
trend of the data but also illustrate how heating rate and cladding
circumferential temperature variation at burst can be coupled in the a]phé
phase of Zircaloy (temperature less than 1090 K). The left end of each
line represents analyses with high temperature steam and hot shroud (825 K)
while the right end represents low temperature steam and cool shroud
(600 K). For the 30 K/s heating rate, cladding bendingb and the cladding
mass result in a temperature variation of at least 50 K. The cladding hot
spot bends into the internal heat source and fails before the heat flux
from the colder side of the heater (which must cross a wide gas gap) can
raise tne cladding temperature close to the hot-side temperature. For the
4 K/s neating rate, the hot spot does not fail before the colid side of the
cladding can be heated across the gas gap. The circumferential variation
of the cladding in the 4 K/s test is thus closer to the 10 K difference of
the neater. Since the calculation shows both large elongations and small
temperature variations are associated with slow heating rates, it is not
possible to decide whether the slow heating rate or the small temperature
variation is the main cause of the large elongations.

a. 950 to 1090 K.
b. The bending is caused by Zircaloy anisotrophy in the alpha phase which

in turn causes a reduction in length which is proportional to the amount of
deformation.
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The final parameter mentioned at the beginning of this section is
axial temperature variation. The mechanism fbr the effect of axijal
temperature variation was discussed during the interpretation of
Equation (14) where it was noted that a positive

d2r
E‘?

Z
term reduces the hoop stress. The reduced stress allows greater

deformation to occur before the failure stress is attained. Since
increasing axial temperature variations cause increasing values of

&r

az8 ’

-

increasing elongation with increasing axial temperature variation is

expected.

Calculations of this effect are not shown because the simplified
treatment of cladding bending used in the model assumes that the hot
azimuthal node remains in contact with fuel at each axial node. This in

turn causes

o’

r
Zd

[«

to be zero for the hot azimuthal node and no effect is calculated. The
expected relation between total circumferential elongation and axial
temperature variation at failure was observed with an earlier version of
the model which assumed radial displacement of the cladding. Since
post-rupture shapes exhibit some displacement from the fuel surface, a
moderate increase in elongation with increasing axial temperature gradients
should be expected even though calculations with the model described here
do not predict the trend.
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It is useful to compare the results of the parametric study just
discussed with recently proposed liscensing standards for determining
cladding deformation for loss of coolant accident ana]ysis;z6 The standards
propose using a temperature versus engineering hoop stress and heating rate
correlation devised by R. H. Chapman for a best estimate of burst time

To = 3960 - 554 - 13 ?islogg)og 750 (33)
where

TR = rupture temperature’(°C)

S = engineering hoop- stress (Kpsi)

H = 0 if the heating rate is less than O

= 1 if the heating rate is greater than 28°C/s

= ratio of the heating rate to 28°C/s if the heating rate is
in the range 0 to 28°C/s.

Once the burst temperature is determined from Equation (33), it is used
with correiations for total circumferential elongation versus burst
temperature. One correlation is supposed to bound the data for heating
rates less than or equal to 10°C/s, and another is for heating rates
greater than or equal to 25°C/s.

The parametric study discussed at the beginning of this section has
already shown that burst temperature is only one of five parameters
affecting burst shape.' For large circumferential temperature variations,
fast heating rates, small local axial temperature variations and increasing
differential pressure across the cladding, the elongation correlations of
Reference 26 significantly overestimate the circumferential elongation at
failure calculated with the model. On the other hand, if circumferential
temperature variations are small, heating rates are Tow or negative, local
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axial (pellet-to-pellet) temperature variations are large and the gas
volume near the ballooning region is small, the correlations of

Reference 26 will underestimate the elongation at failure calculated with
the model. The arbitrary selection of burst temperature and fast or slow
heating rates as shape parameters is restrictive and may not produce
meaningful results. The model indicates that more reliable results could
be expected by specifying approximate pressure-time and temperature-time
tables with assumed typical temperature variations in the heat source. In
case of concern about particular problems, more detailed analysis with the
model could always be used to confirm the approximate results from the
tables because the tables would be based on true stress-true strain

considerations.

The procedure just recommended would eliminate the need for
Equation (33) and the attendent problems of determining which of a
continuously varying series of heating rates to use. However, the fact
that Equation (33) is based on excellent data from the Multirod Burst Test
(MRBT) program makes comparison useful. Figure 13 is a comparison of the
MRBT correlation for heating rates faster than 28°C/s, the MRBT data for
heating rates of 28°C/s26 and several model analyses assuming constant
pressure (therefore constant engineering stress) and a heater heating rate
of 30°C/s. The model essentially reproduces the correlation as well as the
data. The main discrepancy is a trend by the model to predict higher
failure temperatures than the data. The probable reason for this
discrepancy is the fact that the data report the hottest thermocouple
reading, not necessarily the hottest region of the cladding. In the alpha
phase region where the cladding bends into the heater at the hot spot, the
model calculations show a highly localized hot spot at the po&nt of
contact. In the high temperature beta phase region where bending does not
occur, the trend does not occur.

A11 of the MRBT data were taken with nearly constant pressure

differentials across the cladding. Since in-reactor tests can involve
changing cladding differential pressures due to changing coolant pressure
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or increasing rod volume, several ramped pressure runs were compared with
the MRBT correlations. Figure 14 illustrates the results. The three curves
are the calculations using Equation (33) for heating rates of 28 K/s,

14 K/s and 0 K/s. The triangles represent the results of the constant
pressure runs at the various heatup rates that were used to generate

Figure 7. These results are in agreement with the MRBT correlation.?

The squares represent the results of analyses with pressure ramped at

1 MPa/s and temperature ramped to a fixed value, then held constant. These
burst points are significantly above and to the right of the 0 K/s line
calculated for burst by the MRBT correlation.

Figure 15 compares the 0 K/s MRBT correlation to the 0 K/s data from
h.24 The data fall above and to the right of the
correlation line and the distance from the line increases as the

Busby and Mars

pressurization rate (shown in MPa/s next to each result) increases.
Interpretation of this trend is a direct application of the true stress
failure criterion. Since failure occurs when the true stress equals the
failure stress, the tests with higher pressurization rates achieve the
failure stress with higher pressure and less deformation than tests with
Tower pressurization rafes.

Figure 16 is an example of the most complete analysis attempted to
date with the model for cladding shape at failure. MRBT test SR-372 was
selected from a number of well documented tests. The information reported
includes temperature versus time data from three groups of four
thermocouples placed 90 degrees apart at distances of 18.7, 23.7, and
69.7 cm above the bottom of an internal heater. These data were used to
input cladding temperatures for an analysis with the model. In addition,

a. The main disagreement is that the models predict no 1imit to the effect
of heating rate at 28°C/s. Since few data are available with internal heat
sources and heating rates greater than 28°C/s, it is suggested that removal
of the 28°C/s limit based on the model results would improve the
correlation of Equation (33).
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- heater temperature variations obtained during a preliminary infrared scan
of one quadrant of the heater surface were reported. The top graph in
Figure 16 is a reproduction of the ratio of local-to-average temperature
obtained from this scan. The lower graph of the figure shows measured
total circumferential elongation and the calculated elongation for the
Tower 40 cm of the 100 cm specimen. ‘

The reasonable agreement shown between the model calculation and
experiment results for the full 40 cm was obtained only after
Equation (A-18) was added to the MATPRO equation of state for Zircaloy
cladding plastic deformation. Comparison of the shape of the upper and
lower curves shows that local maximums and minimums of the heater
temperature profile are reproduced by both the measured and calculated
elongations. Where differences exist, they can be explained by the
difference between the cladding temperatures measured by the thermocouples
and the heater temperature profile measured in the infrared scan., An
outline of the method used to interpolate the thermocouple measurements is
required in order to assess these differences.

Since the model uses sixteen circumferential and sixteen axial nodes,
some means of interpolating the data of the twelve thermocouples was
required. Temperatures of circumferential nodes not at the azimuthal angle
of the thermocouples were obtained by averaging tne temperatures at the
azimuthal angle of the thermocouples for each axial location. Thus, even
at the elevations of the thermocouples, a hot spot falling between the
thermocouples would not be entered into the table of temperatures required
for this analysis. A missing hot spot is the most likely explanation for
the over-prediction of elongation at the location of the 18.7 cm elevation.

Temperatures at axial nodes without thermocouples were obtained with a
combination of interpolation of thermocouple data and heat balance

estimates. The effect of steam heating is estimated for this unheated
shroud test by estimating the heat transfered from the cladding to the
steam with the equation
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h[To (2) - Tg (D)) 2nr = mgpy o e \ (34)
where

hS = cladding surface heat transfer coefficient

TC(Z) = cladding temperature at elevation Z

TS(Z) = steam temperature at elevation Z

r = cladding outside diameter

Metoam - mass flow rate of steam

Cp = specific heat per unit mass of steam.

steam

Since the cladding is far more massive than the steam, it is assumed that
the steam temperature varies much more than the cladding temperature,
Equation (34) with TC(Z) assumed constant leads to the following

expression for T (Z) in terms of the inlet steam temperature,

steam
Tsteam (0), and the average cladding temperature, TC.
T.(2) ~2nr h_Z
C- S S
T 0y exp (35)
¢ - S o Cp
steam " steam
Equating the heat flux from the heater at one elevation to the heat
lost to steam plus the energy used to raise the cladding temperature at
that elevation shows
_ dT_(2)
hg LTf(Z) - TC(Z)] = hS [TC(Z) - TS(Z)] + Cp h o It (36)
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where

hg = gas gap heat transfer coefficient

Tf(Z) = fuel or heater surface temperature at elevation Z
Cp = specific heat per unit mass of cladding

h = c]addjng wall thickness

p = c¢ladding density

t = time.

Substitution of Equation (35) into Equation (36) leads to the approximate

expression

h -2nrh_ Z C.h_dT
- S s ’pS o
T(2) = T(Z) - [T, - T,(0) exp |- + hg T
C
psteam

m
steam

The first term of Equation (37) shows that the change in cladding
temperature with axial position is proportional to the change in heater
temperature while the second term represents the effect of steam heating
and the third is not a function of Z. The infrared heater scan provides
the data necessary for an approximate evaluation of the effect of heater
temperature variations. The data necessary to use the second term to
evalutate the effect of steam heating are given by Champman. The
expression used to estimate cladding temperatures at position Z from a.
thermocouple measurement at Z, is
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o c'o Th Th

h : -2nrh_ 7 ~2nrh_ 7
- BT UZ,) - T2 )T |exp |- > - exp | - s o

d Moy Cp m G
steam " steam steam " steam
(38)
where
Th = average heater temperature.

If there are thermocouples both upstream and downstream from a
particular Z, a weighted average of the temperatures calculated from the
two thermocouples is used. The weighting factor for each thermocouple is
proportional to the distance to the other thermocouple

f =Z_:._Z_.u_

d Zd - Zu

. Zd -7

u Zd - Zu

where
fd = weighting factor for temperature from downstream

thermocouple

fu = weighting factor for temperature from upstream thermocouple
Zu = position of upstream thermocouple
Zd = position of downstream thermocoup]e.‘

. The principal reason for differences between the shape of the heater
temperature profile and the circumferential elongation calculated using the
model is the fact that thermocouple measurements did not exactly reproduce
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the heater temperature profile. The thermocouple at 23.7 cm measured
significantly lower temperatures than those at 18.7 cm during test SR-37,
.in spite of the fact that the infrared scan shows nearly equal peaks at
these two points. An obvious explanation for this difference is the fact
that the infrared scan sampled only one quadrant of the heater's
circumference. The temperature variation on the other quadrants could have
been quite different. In spite of this possible difference, the fact that
the general features of the shape of the infrared trace and the measured
elongation are the same leaves 1ittle doubt that the heater temperature
profile is an important parameter for this cold-shroud teét.
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CONCLUSIONS

The principal conclusion from this study is that local or true stress
can be used to provide a mechanistic approach to calculating Zircaloy
cladding shape at failure. The large scatter inherent in engineering
stress or engineering strain expressions has been explained and the need
for numerous limitations and special correlations for such effects as
heating rate, circumferential termperature gradients, etc., has been
eliminated. The correlation for true stress at failure coupled with a
mechanical model, BALON2, which calculates local stress reproduces special
correlations which have been derived for burst temperature versus burst
pressure (engineering stress), total circumferential elongation versus
circumferential temperature variation at failure and total circumferential
elongation versus heating rate. In addition, other correlations such as
total circumferential elongation versus rate of change of pressure
differential across the cladding have been demonstrated with model
calculations.

There is consistent agreement with experimental data where such data
are available. The model has also provided a reasonable means of
extrapolating limited data. For example, the model suggests that the
arbitrary use of 28°C/s heating rate data to describe faster heating rates
is incorrect. Tne trends observed from Q°C/s to 28°C/s should be continued
to at Teast 100°C/s.
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APPENDIX A

EQUATION OF STATE FOR ZIRCALOY CLADDING PLASTIC DEFORMATION
Thé equation of state for Zircaloy cladding plastic deformation is
taken from the MATPRO handbook of materials propertieé (Reference 21 of the
main text). A1l strain or stress components are assumed to be true
strain® or true stress.b The basic equation used to relate stress and
plastic strain is

m
R (A-1)
107
where
g = true effective stress (Pa)
€ = true effective plastic strain (unitless)
€ = rate of change of true effective plastic strain (s'])
K,n,m = parameters which describe the metallurgical state of the

cladding. These parameters will be discussed in detail
below.

a. True strain equals the change in length divided by the length at the
instant of change integrated from the original to the final length.

b. True stress equals the force per unit cross sectional area determined
at the instant of measurement of the force.
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Equation (16) of the main text, the integrated form of the equation of
state, is obtained by integrating Equation (A-1) over a time interval at,
assuming that o, K, n, and m are constant over the interval. The

equation is repeated here as Equation (A-2) and is used in the CSTRN] model
of MATPRO: ‘

_m
1 ) n+m
m
n -3 o m+ 1
e = (ﬁ + 1) 10 < At + € (A-2)
where
¢ = true effective strain at the end of a time interval
(unitless)
€ = true effective strain at the start of a time interval
(unitless)
At = duration of the time interval (s).

Effective stress for use with the equation of state is obtained from stress
components and Equation (25) of the main text

2 2 2 /2 ‘
o = [A]S (c] - 02) + A2S (02 - 03) + A3S (03 - o])} (A-3)
where
61,02,03 = principal axis stress components (Pa)
AT1S,A2S,A3S = coefficients of anisotropy provided by the CANISO

subcode of the MATPRO package.
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Once effective stress is known and Equation (A-2) has been used to find the
end-of-step effective strain the Prandtl-Reuss flow rule,

Equations (26) tnrough (28) of the main text, are used to find the strain
components. The Prandtl-Reuss equations are '

d
dey = £ [og (AIE + A3E) - 0,ATE - o3 A3E] \ (A-4)
d .
de, = S [0y AIE + o, (A2 + AIE) - oy A2E] (A-5)
_ de
dey = == (-0, A3E - o, A2E + oy (A3E + AZE)] (A-6)
where
de = Ef - Ei
ATE,A2E,A3E =

coefficients of anisotropy provided by the CANISO
subcode of the MATPRO package. '

As mentioned in conjunction with Equations (A-3) through (A-6),
coefficients of anisotropy are provided by the CANISO model. The
_information required by this model is the temperature, the three prinicpal
components of plastic strain during a time interval, three constants
related to the cladding basal pole distribution at the start of the time
interval, and three constants related to the deformation history of the
cladding prior to the time interval. For each time step, the CANISO model
updates the six constants required and provides the six coefficients of '
‘anisotropy required by Equations (A-3) through (A-6). Initial (no plastic
deformation) values of the constants related to the basal pole distribution
and deformation history constants will be discussed in conjunction with the
following summary.



25 and a3 of
Equations (A-3) through (A-6) taken to be the axial, circumferential, and

For undeformed cladding with 91» ©

radial components of stress, the expressions used to find the stress

anisotropy constants from the basal pole distribution are

A1S = (1.5 fr - 0.5) g (T) + 0.5 (A-7)
A2S = (3.5 fz - 0.5) g (T) + 0.5 (A-8)
A3S = (1.5 fe - 0.5) g (T) + 0.5 - (A-9)
whnere

g(T) = a function which is 1.0 for temperatures below 1090 K,

0 for temperatures above 1255 K-ang found by linear
interpolation for temperatures between 1090 and 1255 K

fr’fz’fe = average of the squared cosine between the c axis
of grains in the cladding and the radial, axial and
tangential reference directions, respectively, weighted
by the volume fraction of grains at each orientation.
These averages can be obtained from a pole figure and
the CTXTUR model of the MATRPRO package or the typical
values of fr = 0.66, fz = (.06 and fe = 0,28
can be used.

The change of the factors fr, fe, and fz of Egquations (A-7)

through (A-9) due to deformation is modeled with the following correlations:

df . = de; (-1.505 + T 0.00895) (A-10)

3
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df = de] (-1.505 + T 0.00895) (A-11)
df = de, (-1.505 + T 0.00895) (A-12)
where
dfr’dfz’dfe = change in f,, f,, and fy due to
deformation
T = 644 K for temperature less than 644 K, the

temperature when it is between 644 K and 1090 K and
1090 K when the temperature is above 1090 K

and the numbering convention of z = 1, 8 = 2 and r = 3 has been assumed
for strain components,

The strain anisotropy coefficients AIE, A2E, and A3E are given by
tquations (A-7) through (A-12) with A1S, A2S, and A3S replaced by AIE, A2E,
ahd A3E when the cladding temperature is below 650 K. However, limited
data at temperatures above 800 K have suggested initial strain anisotropy
coefficients of 0.5 (the isotropic values). The description of hign
temperature strain isotropy thus requires a separate set of values for f,
set initially at the isotropic values and changed during each time step by
an amount given by Equations (A-10) through (A-12). The expressions for
AlE, AZE, and A3E which are used to model this.rather complex switching
from texture dependent to deformation dependent strain anisotropy are

AlS + [(1.5 f; - 0.5)g(T) + 0.5] exp (I%%§§>

exp I%égi + 1

AlE = (A-13)



A2S + [(1.5 f - 0.5)g(T) + 0.5] exp <1T%2‘5'>

A2E = (A-14)
exp (Lrg_zs_) 1
A3S + [(1.5 f) - 0.5)g(T) + 0.5] exp (I%)
A3E = (A-15)
exp <T;27325) .
where
f;,fé,fé = deformation dependent parameters set equal to 1/3 at

zero deformation and changed like the parameters for
fr’ fz, and fe in Equations (A-10) through
(A-12).

Effects of cladding temperature, cold work, irradiation, in-reactor
annealing and oxidation on mechanical properties are expressed as changes
in the strength coefficient, K; the strain hardening exponent, n; and tne
strain rate sensitivity exponent, m, of Equations (A-1) and (A-2). For
fully annealed Zircaloy cladding the temperature and sometimes strain rate
or strain dependent values of m, n, and K are as shown below.

1. Values of the Strain Rate Sensitivity Exponent, m?

For temperature, T, less than 730 K,

m = 0.02. (A-16a)

a, £Eignt to ten significant figures are used in these expressions to
minimize discontinuities, not to imply accuracy.
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For temperature between 730 and 900 K,

1 -
m = 2.063172161 x 10 + T [-7.704552983 x 10 2

+ T (9.504843067 x 1072 + T (-3.860960716 x 10°%))].  (A-16b)

For temperature between 900 and 1090 K,

2, T 2.203 x 10‘4. (A-16¢)

m=-6.47 x 10
For temperature between 1090 K and 1172.5 K,

2 4

m= -6.47 x 1007 + T 2.203 x 10~

[0 for ¢ > 6.34 x 1073/s

or

-2 | T-1090 6.34 x 10~
+ 6.78 x 10 [ R } In

for ¢ < 6.34 x 1073/s - (A-16d)
L
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For temperature between 1172.5 K and 1255 K

2 4

m= -6.47 x 107% + T 2.203 x 10

0 for ¢ > 6.34 x 107°/s

or

| -3
-2 [1255-1 6.34 x 10
+ 6.78X 10 [82.5] In ————.————'—'
€
for ¢ < 6.34 x 10735 (A-16e)

L \

For temperature greater than or equal to 1255 K,

el

-2 4

+ T 2.203 x 1077, ~ (A-16F)

"

m = -6.47 x 10
Values of the Strain Hardening Exponent, n The strain hardening
exponent for strains larger than n/(1 + m), the ultimate strain,
is given by the following equations,

For temperature, T, less than 1099.0722,

2, 3

n =-3,490 x 10~ T (1.165 x 10°

-6 10

+ T (-1.992 x 107° + T 9,588 x 10°

)). (A-17a) .
For temperature between 1099.0722 and 1600 K,

n = -0.22655119 + 2.5 x 10" % T. (A-17b)
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For temperatures above 1600 K,

n = 0.17344880 - | (A-17¢c)
When the strain is less than n/(1 + m) the strain hardening
exponent is modified? to a larger value than the one given by

Equations (A-17a) through (A-17c). The expression used to modify
n for strains less than n/(1 + m) is

ANL or
n' = the smaller of nz/[(] +m) €] (A-18)

where

0.17 for temperatures <730 K

ANL 0.056 * temperature -11.218 for temperatures in

the range 730-780 K

0.95 for temperatures >780 K N

L

the number given by Equations (A-17a) to (A-17¢)

3
]

nl

the revised number to be used with Equation (A-1)
or (A-2) in place of n,

a. This modification is not found in the MATPRO-11 Rev. 1 package of
February 1980. The modification is proposed for future MATPRO revisions as
a result of studies with the ballooning code.
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3.  Values of the Strength Coefficient, K

For temperature, T, less than 750 K,

9 5

K = 1.17628 x 10° + T [4.54859 x 10

£ T (-3.28185 x 10° + T 1.72752)]. (A-19a)

For temperature between 750 and 1090 K,

K = 2.522488 x 10° exp (2'850$227 X ”36) (A-19b)
For temperature between 1090 K and 1255 K,
K = 1.841376039 x 10° - T 1.4345448 x 10°. (A-19¢)
For temperature between 1255 K and 2100 X,
K =4.330 x 107 + T [-6.635 x 10°

+T(3.7579 x 10" - 7 7.33 x 10791, (A-13d)

The changes in form of Equations (A-16a) through (A-19d) in various
temperature ranges are caused by changes in the physical mechanism of the
plastic deformation. At 700 to 900 K, the deformation becomes
significantly strain rate dependent, the strength of the material begins to
decrease rapidly with temperature and strain hardening becomes relatively
unimportant. This change is generally attributed to thermal creep at high
temperature, but the specific deformation system change has not been
jdentified. The 1090 to 1255 K region is the alpha plus beta phase region
for Zircaloy and the region above 1255 K is the beta phase region for this

material.
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The change in the strain hardening exponent due to irradiation and
cold working of cladding is described by multiplying the value of the n
given in Equations (A-17a) through (17¢c) by

R = [0.847 exp (-39.2 C) + 0.153 + C (-9.16 x 1072 + 0.229 C)]
1/3
- (o)
exp : (A-20)
3.73 x 107 + 2 x 108 ¢
where

R = strain hardening exponent for irradiated and cold worked
material divided by the expression in Equations (A-17a)
through (A-17¢)

C = effective cold-work for strain hardening exponent
(unitless ratio of areas). Changes in the effective cold
work as a function of time and temperature are modeled
with the CANEAL model of MATPRO '

¢ = effective fast neutron fluence (neutrons >1.0 Mev/mz).

Changes in the effective fast neutron fluence are modeled
with the CANEAL model of MATPRO.

The change in the strength coefficient due to irradiation and cold
working of the cladding is modeled with the expression

DK = 0.546 C K + 5.54 x ]O-]8 ¢

where
DK = strength coefficient for irradiated and cold worked

Zircaloy minus the expression in Equations (A-19a) through
(A-19d).
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The strain rate sensitivity exponent does not change as a function of

irradiation or cold work.

Additional expressions for the change in m, n, and K due to oxidation
of the Zircaloy are available in MATPRO, but they are not recommended for
the current ballooning model because the extension of the model to treat
multi-layered cladding (the oxide layers, the oxygen stabilized alpha
layers and the beta layer) has not been complieted.
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APPENDIX B

BALON2 CODE LISTING AND EXAMPLE OUTPUT

Table B-1 is a listing of the BALON2 code which has been discussed
throughout this report. Table B-2 is an example of a driver program
designed to provide input data to the subroutine. Table B-3 presents
example output data.

The data shown are the result of an analysis with a heater heating
rate of 50 K/s starting at 600 K. Thirty-one calls to BALLOON with a given
time step of 0.3 s were calculated to burst the cladding. The burst
occurred during the seventy-fourth substep of the thirty-first call when

the total time elapsed was 9.046 s. The last substep was 5 x 10'4 s long. .

Several matrices of information are provided. In these matrices, the
sixteen axial nodes are listed across the page in two groups of eignt
columns and the sixteen azimuthal nodes are listed in rows. The first
matrix shows temperatures at the nodes at failure. Inspection of the
matrix shows the hot node at the eighth axial and fourth azimuthal position
of the cladding burst at 1073.5 K. An azimuthal temperature variation of
87.7 K is indicated at the eighth axial node. Even at the first axial
node, where the heater's circumferential temperature variation was input as
zero, there is a 61.3 K azimuthal temperature variation because of the
varying gap thickness.

The second matrix shows local tangential stress components during the
last time step. The next four matrices show the effective cold work and
fast neutron fluences calculated with the MATPRO CANEAL model for cladding
annealing. Approximately two thirds of the initial 0.5 cold work for
strength remains while the cold work for strain hardening has essentially
been annealed to zero. Fast neutron fluences remain at their initial
values of zero,
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The next group of output data shows details of calculated cladding
shape for each of sixteen nodes 5 x 10'3 meters apart. The average
radius in meters, the average wall thickness in meters, the value of a
contact indicator and the total circumferential elongation (engineering or
average strain) at the axial node is given. The fact that the contact ‘
switch is equal to one means the cladding has contacted the heating
element. Detai]é of the shape at each axial node are provided by printing
midwall radii, wall thickness and axial lengths for each of the sixteen
azimuthal nodes (J = 1 through 16) at each axial node. As expected, the
minimum midwall radius occurs at the hot azimuthal node, J = 4.
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LISTING OF THE BALONZ CODE

TABLE B-1.
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APPENDIX C

DERIVATION OF KRAMER AND DEITRICH'S EXPRESSION
FOR STRESS

The theory of Kramer and Deitrich is summarized here because the
theory is basic to understanding cladding deformation. In the Kramer and
Deitrich approach, forces on an element of cladding are summed and set
equal to zero as in any statics problem. However, Kramer and Deitrich
express these forces as a function of a general transformation and they
divide the transformation into two parts--a large symmetric deformation
which preserves the cylindrical shape of the cladding and small
perturbation terms which are a function of position. The cladding
deformation is viewed as a transformation of an element of material from
its initial coordinates to a new location

r=f, (eo, L t) = a(t) + ¢ (eo, Ly t) (C-1a)
9 = fzv(eo, Z0 t) = 8, (C-1b)
7= f3 (eo, Zo’ t) = exp (ez) ZO = a(t) (C-1c)
where

(r,6,2) = new coordinates of the element of material

initially located at (ro, 8y ZO)
f],fz,f3 = functions describing a general transformation
a(t) = zero-th order, the radius one would find if the

cylinder remained cylindrical

Cc-1
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local perturbations of the radius

average axial strain component.

Equation (C-1b) assumes radial displacement but that assumption is not used
in this model. The quantity that is used is the position vector of the
deformed element in cylindrical coordinates

T = (alt) +s(e,,2,t)] %+ (1) Z, 7. (C-2)

This position vector is used to define two (non-unit) basis vectors tangent
to the deformed surface

Y A
= ar 38 A

- . 88 ar
0 ) 0

3 A A

= T + [a(t) + 6 (85, Zy, t)] 8 (C-3)
Y a’Y‘-\ 3¢ A | 39 . 2
By = -gzg = Yc-) r + [a(t) + s (eo, Zo,t)] TZ'SJ' A(t) Z

A
=2 X 2z (C-4)
BZO

Figure C-1 illustrates typical orientations of ?ﬁ EH’ and E}.

Bending stresses from thermal expansion and swelling are neglected so
the forces on a surface element come from membrane stresses in the plane
and pressures normal to the plane. The force per unit area on the edges of
the surface element are the inner product of the stress tensor and a unit
vector normal to the edge. The force per unit area on the ZO = constant
and 8, = constant edges is

c-2
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Figure C-1. Schematic illustration of the position vector, r,
and two bases vectors tangent to the deformed
surface element. -
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L

F, =o -« (C-5)
o) -—
2
B .
-—
o]
Fe T g ¢ (C'6)
° N
]
where
l_l
FZo = force per unit area on the Z, = constant edge
.
Fe = force per unit area on the e, = constant edge
0
-—
e 2
£ = unit vector normal to Z0 = constant edge. The vector B
-—1 -
62 equals vZ,.
3 o
B = unit vector normal to 8, = constant edge. The vector a]
- -
B] equals v8 -

J— -

2 1
Figure (-2 shows typical orientations of B and -B2—
-—1 -
82 B
- -
FZ and Fe must be multiplied by the edge areas to find the

force due to sfress on the edges of the surface element under
consideration. The length of each edge can be found by realizing that the
differential vector connecting two neighboring points is

- -3
= ar ar
dr = —-aeo de_ + —azo dz, . (C-7)
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Figure C-2. Schematic illustration of typical orientations of vectors
normal to the ZO = constant and G)O = constant edges.
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The differential arc length is the square root of

) E .
R P T Y L 2 2
ds® = dr + dr K“’o) + [a(t) + s (0,5 2, t)]] de

: 2
L 38 2 2
+ 2 —3-6'0 -52—0 deo dZO + ’i<ﬁo> + a(t) :} dZO . (C-8)

The Z = constant edge is thus- Jrhde long and the eo = constant
edge 1s vf_dZ long

where
368 2 2 2
E = &, ! [a(t) + s(e,, Zg, t)]° = al (C-9)
2 2
A _ 38 2
G = <-52-> + A{t)" = {Zl (C-10)
Thus for an element h thick, the forces on the Z0 = constant and
6, = constant edges are
—
- = 32
R h/Edeo (C-11)
0 2\
B
and
o
-3 =
Fe =g ——,__\‘ f—dZ > (C']Z)
B

C-6
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Using the orthonormal relations between 3], 32, B’\], and g

23
— R )
8o By = (c-13a)
820 3—\2 = ] (C‘]3b)
8l B, =0 ' | | (C-13¢)
-
3% ) = 0 » (C-13d)
amd
-
s] . (s] X ?2) =0 (C-13e)
.-—\ 9
8%« (B) x B5) = O (C-13f)
and the definitions of ?]and éJZ, it is possible to solve for the six
- -
unknown components of a]and 82. The components can in turn be used to
show '
3 6 | |
lB ‘ ] | (C-14)
._\ N
b =L (c-15)



where

] 2628 ]
H = \ﬁa -2 o o (C-16)

Equations (C-11) and (C-12) can be rewritten using these expressions and

the orthonormal relations

-—
= = 2
r'Z=o'B theo
0
12 - 22 2.
= (o By *to BZJ h H dao (C-17)
and
-3
£ =5 c8 hHdaz
r =0 °
%, 0
11 = 21 =2
= [o By + o 32] h H dzp. (C-18)

!

In addition to these stress-caused forces on the element there is a
force exerted by the pressure on the element. The force due to pressure is

N :
F_ = aP dA (C-19)

where

AP = the pressure inside the cladding minus the pressure
outside the cladding

c-8



dA = the surface area of the element times a unit vector normal

to the element.

Since E? X EE is normal to the surface and the edges have been shown to be
]s‘]‘[ de, = \/E—'deO and ’3“2| d, = V6 dz_ in Tengtn,

i Y JY
dA = de dZ0 By X B,
= deo dZ0 Hn (C-20)
where 0 is a unit normal to the surface,
38§ A 36 A
AMa+8)P-r—38-(a+3s) —1
38, aZO
H
The force exerted by pressure 15 thus
-~ A
F = aP H ds _dZ_n. (C-21)
n oo}

Since the element is in equilibrium (small forces required to
accelerate the cladding mass are neglected), the normal components of the
stress-caused forces and the pressure-caused force must sum to zero.

— -3
d FZ d Fe
= A 0 A o] A
F,eon= dzo dz, = n+ deo do, * 1 . | (C-22)

The forces acting on the element are shown schematically in Figure C-3.
Using expressions (C-17) and (C-18) for f; and f; , the fact that nis
orthogonal to 67 and é;, Equations (C-3) an (C-A)Ofor gﬁ and g?, and the
expression given after Equation (C-20) for n in conjunction with Equation

(C-22) leads to the expression

d
A
n

C-9
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Figure C-3. Forces acting on an element of deformed cladding surface.
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—h-=Lc +2Mo " +No (C-23)
where
L = - (a+ ¢) O -a-68)+2 <39—> 2
2 2 aeo H
¢]
325 3¢ a8 | a
M - - (a+s) 30 o/ | H
390320 0 0
2
N = - (a + ¢) 2 52 .%
aZO

Although Equation (C-23) is only one equation in the three unknowns
c]], 012,-and 022, it will turn out that two of the three
stress components have no first order change when the cladding shape is
perturbed from cy]indricé] so the equation is sufficient to solve for the

one non-zero component,

In order to get a convenient basis for the perturbation theory that

will be used with the equilibrium relation, Equation (C-23), a new basis is
defined

|J.’°L

l . (C-24)

@™

Q
1
Q
w
oL
"l
Q
[SPH
—e L
%l
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The new components, o 3 can be related to the old using inner products

along with the defining relation, Equation (C-24). The inner products are

Eﬁ -'§;= E (C-25)
— _A> ‘
B, *8,=6 (C-26)
Y Y 38 38
B, e By =222 = (C-27)
1 2 aeo 3 o
——t
Vg - (C-28)
B Bj Gij.

o=Eal +Fo (c-29)
oy =\E (Fol +64') | (C-30)
o5 = F ol 46 ot

=Foll+5 e (c-31)

These components are convenient for the perturbation theory approach
because they reduce to the familiar principal stress components in the
limit of no perturbation:
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L +a (C-32)
M >0 | (C-33)
N+ 0 | (C-34)
E »al (C-35)
F 0 . (C-36)
E o+ a2 (C-37)

and Equation (C-23) becomes

LA L (C-38)

ncy]

Thus, using Equations (C-29) to (C-38)

o} s ol ol a 2 (C-39)
cyl

cx]2 + ax 012 ' (C-40)

o5 = 22522, . (C-41)

The right side of (C-40) is zero. This can be seen by noting that as

€-13



B-? ~ab (C-42)

SR A (C-43)

This means that in the limit ¢ + O

12 1

g +T—g9 =0, (C-44)
ax eZCy]

Similar logic can be used to identify the limit of 022. From

Equation (C-43),

022 L o . (C-45)

2 11

A cyl

Combining Equations (C-39), (C-40), (C-41), (C-44), and (C-45) leads to the

conclusion that o} ’ c; and og do reduce to the familiar principal stress

components as & » QO:

o) £ (C-46)
cyl
]
o, > 0 (C-47)
a +> g . (C-48)
2 Zch]

The final part of deriving the Kramer and Deitrich expression for
stress is to carry out the perturbation approximation. In order to do
this, the stress components oi.are written as the sum of the cylindrical
shape stresses given by Equations (C-46) to (C-48) and a small change

C-14



o‘.=c + 0o ' , (C-49)
J a j 8 j :
where
0a1' = cylindrical shape stresses given as limits in
J Equations (C-46) to (C-48)
i ~ i i
o6 ) = cj -aa - 4
J J

A second preliminary step is to invert the transformation relations of
Equations (C-29) to (C-31) and a third is to express the deformed wall

thickness, h, as the cylinder wall thickness, hcyl’ less a small change
of order §
n = ncy] - h5 . : (C-50)

The perturbation‘ca1cu1ation itself is carried out by substituting
the expressions for oij as functions of 01. into Equation (C-23).. With some
algebra and subsequent use of Equations (C-49) and (C-50) the following
expression is obtained:

s Ap_h 6t - F2
cyl $

= [LG - 2MF + NFY] [“P a 4 0611]

h

cyl
+\/§-LF+2ME-NF-E- 0+aq,
: g 5
2
F 2
sNlE-S o v 0. (c-51)
[ G ] Zch] $2
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Next the expressions following Equation (C-23) for L, M, and N and the
defining equations for €, G, and F [Equations (C-9), (C-10) and (C-27)] are
used to express L, M, N, G, £, and F in Equation (C-51) as functions of
§. The resultant expression is then expanded in orders of & where

2. =2 .
h 3 48 3 8 1
S =7 7, Ad 0y
86, aZo J

are considered to be or order §. The zero-th order terms are an jdentity

hAP a=2_ 5. (C-52)
cyl

The first order terms lead to the following expression

g
] ws AP p 2 L1 o
% RE Tty pt—7 23— (C-53)
1 cyl n eyl cyl 38, A aZo

which is the expression used for the change in hoop stress due to a change

in shape. Since there are no first-order terms involving any other stress

components, the cylinder expressions for these other components are correct
to first order without modification,
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APPENDIX D
DERIVATION OF MODEL FOR BENDING

This appendix is a derivation of Equation (29) of the main text, the
expression used to model the effect of bending due to different changes in
cladding length as the ballooning proceeds. A highly simplified model for
this bending is employed. In this model the cladding is assumed to be bent
into a circular arc of radius r, as illustrated in Figure D-1. Since

z
both. the right and the left side subtend an angle ¢,

0 = r—; : (0-1)
a

¢ = ;E—:—a (D-2)
where

¢ | = angle subtended by the bending cladding

EZ = radius of curvature of the inside bend of the cladding

viewed from the side

z. = length of the right side of the cladding

ZL = length of the left side of the cladding

d = cladding diameter.

D-1



Figure D-1.

Cladding configuration assumed for bending model.
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At the midpoint of the arc the right hand side of the cladding is displaced

a distance

R =7 "
or

2

$
T

by the bending. X, can be expressed in terms of Z
from Equations (D-1), (D-2), and (D-3b).
resultant expression is

R

eliminating ¢ and rs

(D-3a)

(D-3b)

(D-4)

(D-5)

Equations (D—4) and (D-5) show that the averége bending displacement at the

center of the arc is

>
il

1]
M~
oo
m
=
o

-

where ZBEND is the average length contributing to the bending.

D-3

(D-6a)

(D-6b)



A complete calculation of cladding bending would have to ensure that
length changes and local stresses are consistent all around the cladding
circumference and allow for variation in strains over the length of the
bowed cladding. This careful calculation of the cladding bending would be

both expensive and inconsistent with the approximations made to model the
effect of shape on the local stress of the ballooning cladding and to

account for tangential displacement. The detailed calculation was avoided

by assuming

ZR ~ ZBEND exp [EZZ (K,d)] (D-7)
Z, = ZBEND exp {ezz <K,J + —g—gﬂ (D-8)
d=~r, {exp [eee (K,J}] + exp [eee (K,J + %Q)]} | (D-9)
where

eZZ(K,L) = axial component of strain of the cladding

element at the K-th axial and L-th circumferential node

eee(K,L) = tangential component of strain of the cladding

element at the K-th axial and L-th circumferential node
o = initial midwall radius of the cladding
NJ = number of circumferential nodes used to represent the

‘cladding.

Equations (D-6b) to (D~9) can be combined to find the net displacement
of the cladding midwall radius due to bending

_ ZBEND &XP [ezz (K’J ’ QQ)J - exp [SZZ (K’J)] , ~ (0-10)

X
8ro exp [eee (K,Jﬂ + exp ‘fee (K,J +‘g£)}




Since the code is an incremental code, the expression actually used is the
¢hange in midwall radius during a time step. This change is obtained from
Equation (D-10) and the chain rule:

aX aX NJ

dx = deo (K, J) + de (K,J +-;—)
EST G aezz(K’J N gg) 7z 7

PN de. (K,J) + 3K de (K,J + NJ). (0-11)
aeee(K,JJ 88 aeee(K,J+%£) 86 Zz . ‘

The resultant expression is Equation ,(29) of the main text,



